Long term in vivo observations at large penetration depths and minimum sample disturbance are some of the key factors that have enabled the study of different cellular and tissue mechanisms. The continuous optimization of these aspects is the main driving force for the development of advanced microscopy techniques such as those based on nonlinear effects. Its wide implementation for general biomedical applications is however, limited as the currently used nonlinear microscopes are based on bulky, maintenance-intensive and expensive excitation sources such as Ti:sapphire ultrafast lasers. We present the suitability of a portable (140x240x70 mm) ultrafast semiconductor disk laser (SDL) source, to be used in nonlinear microscopy. The SDL is modelocked by a quantum-dot semiconductor saturable absorber mirror (SESAM). This enables the source to deliver an average output power of 287 mW with 1.5 ps pulses at 500 MHz, corresponding to a peak power of 0.4 kW. The laser center wavelength (965 nm) virtually matches the two-photon absorption cross-section of the widely used Green Fluorescent Protein (GFP). This property greatly relaxes the required peak powers, thus maximizing sample viability. This is demonstrated by presenting two-photon excited fluorescence images of GFP labeled neurons and second-harmonic generation images of pharyngeal muscles in living C. elegans nematodes. Our results also demonstrate that this compact laser is well suited for efficiently exciting different biological dyes. Importantly this non expensive, turn-key, compact laser system could be used as a platform to develop portable nonlinear bio-imaging devices, facilitating its widespread adoption in biomedical applications.
INTRODUCTION
In vivo recordings have enabled researchers to capture sensitive biological processes at the sub cellular level. The conditions imposed by living samples demand an enhanced light tissue interaction during the imaging processes. Such requirements have led to the development of advanced microscopy techniques intending to be more sample compatible. In some extent, nonlinear microscopy (NLM) was introduced to overcome several disadvantages that linear microscopy techniques present. This is based on the nonlinear (NL) dependence of the excitation beam usually delivered by an ultrafast laser, focused through a high numerical aperture (NA) microscope objective. Given this, excitation occurs only when two (or more) photons coincide in space and time. Therefore the excitation is confined to a localized focal volume rather than a whole volume like in linear fluorescence based techniques, thus reducing out of focus photo-bleaching and photo-damage. In addition, the employed wavelengths are usually centered in the IR region of the spectrum. This condition enables larger penetration depths as these wavelengths are less scattered by tissue. To fulfill this requirements, ultrafast lasers have been used, especially Ti:Sapphire laser systems [1] . However these techniques have been mostly used in research laboratories due to its price, complexity of operation and maintenance requirements, limiting its wider implementation in biomedical applications.
Different works have aimed to address these difficulties by using ultrafast compact laser sources in NLM. This is the case of fiber lasers [2] and amplified semiconductor laser systems [3] [4] [5] operating at different spectral regions, having various limitations in terms of price, design, maintenance etc.
Although fiber lasers are compact, several design considerations should be taken into account, which may impact its price. An example is the cost related to the requirement of pump sources with a higher beam quality, and brightness. For the case of the semiconductor laser systems reported in literature, (vertical cavity surface emitting lasers [4] , gain-switched InGaAsP Distributed-Feeback-Bragg laser diodes [5] and an external cavity mode-locked laser diodes consisting of multiple quantum wells (AlGaAs) [3] ), the main issue is that they do not posses enough output peak power, and short enough pulses to reach the requirements for NL imaging, therefore several compression and/or amplification schemes are required. These extra components compromise the simplicity of operation, maintenance, and compactness of these systems.
Alternatively, the gain media of semiconductor disk lasers (SDL) can be manufactured in wafer-scale technology thus the production cost can be greatly reduced as they can be mass produced. In addition, they offer a simpler implementation and a user oriented operation, as they combine exceptional beam quality, output power and stability.
Based on these benefits and the fact that sample viability is the most important issue to be addressed for the development of imaging applications, we present a portable ultrafast SDL having footprint of only 140x240x70 mm. The design of this source is user oriented as it is based on a novel quantum-dot semiconductor saturable absorber mirror (SESAM) mechanism that enables it to self-start the mode-locked operation [6] immediately after the laser is switched on (using a web interface). This enables the laser to produce 1.5 ps pulses at 500 MHz having an average output power of 287 mW, corresponding to a peak power of 0.4 kW. Under this conditions and based on the fact that its emission wavelength is centered at 965 nm, we demonstrate its suitability to perform two photon excited fluorescence (TPEF) of the widely used green fluorescent protein (GFP) given that it virtually matches its two-photon absorption cross section [7] . These conditions greatly reduce the required peak powers to image living samples still producing a very efficient NL signal allowing an enhanced light sample interaction. In this work, we demonstrate its potential to image living samples of Caenorhabditis elegans (C. elegans) genetically modified to express GFP in neurons. Furthermore, we exploit these source capabilities demonstrating its potential to produce second harmonic generation (SHG) images of pharyngeal and body wall muscles. Finally we experimentally demonstrate that the presented laser system can also be used to efficiently excite different biological markers employing very low peak powers. Certainly, this non-expensive, turn-key, compact laser system could be used as a platform to develop portable nonlinear bio-imaging devices, facilitating its wide-spread adoption in "real-life" applications.
MATERIALS AND METHODS

Microscopy setup
The ultrafast SDL system (M Squared Lasers) employed in this work was coupled to an inverted microscope (Nikon, Eclipse TE 2000U) enabling it to work as a laser scanning nonlinear microscope (see figure 1) . A pair of x-y galvanometric mirrors (GM) (Cambridge technology, 6215H) driven by a homemade LabView (National Instruments) interface are used to scan the excitation beam over the sample and to synchronize the acquisition. The beam passes through a telescope to fill the back aperture of the high numerical aperture microscope objective (40x oil immersion NA = 1.3, Nikon, Plan Fluor). For TPEF recording a BG39 band pass filter (transmittance 330-670 nm) was placed before the photomultiplier tube (PMT) (Hamamatsu, H9305-04) to separate the excitation beam from the generated TPEF signal. To collect SHG signal, an oil immersion condenser NA = 1.4, (Nikon), and a band pass filter (transmittance = 475 -485 nm) placed before the second PMT (Hamamatsu, H9305-04) were employed. Image analysis was performed employing Image J software.
Sample preparation
C. elegans mutants expressing GFP in motoneurons (juIs76 [unc-25::gfp]) were grown in nematode growth media and feed with OP50 (Escherichia coli). For in vivo imaging, the nematodes were anesthetized using 0.8 µl of 25-mM sodium azide (NaN3) and further mounted on a 2% agar pad sandwiched between two cover glasses (No. 1 -0.13 to 0.16 mm) sealed with melted paraffin. The nematodes were imaged at a constant room temperature of 20 ºC TPEF excitation/emission measurements were performed employing commercially available dyes and a phantom sample. JC-1 (Invitrogen T-3168), Fluorescein (FD70 Sigma-Aldrich) and DiO (Invitrogen D3898) markers were diluted to a final concentration of 1 mg/ml in Milli-Q water. In addition, Calcium green (Invitrogen C-3732) and Fluo-4 (Invitrogen F-14217) were used as supplied. Finally, a fluorescent sample [8] , consisting of conventional red water paint (diluted in water) was applied onto a zero thickness cover glass. The dried sample fluorescent spectrum had a bandwidth of 40 nm (measured at the full width half maximum) and was centered at 600nm.
RESULTS AND DISCUSSION
To demonstrate that the SDL source is able to provide efficient excitation employing very low peak powers (helping also to reduce sample related damage effects), we imaged our living C. elegans samples using an average power of 34 mW corresponding to a peak power of ~0.04 KW (measured at the sample plane). Employing this configuration, no damage at the sample was observed as the powers were always kept under the loss of cell viability threshold reported by [9] . Figure 2 , shows the GFP tagged motoneurons (green) forming the nerve ring in the C. elegans pharyngeal region. The central image of figure 2 (SHG signal depicted in red) shows the radially oriented muscles forming the anterior bulb of the pharyngeal region. This structure is connected by the pharyngeal epithelium in the procorpus region (see orange arrows). Mapping the TPEF and SHG signals ( figure 3 right panel) enables the observation of how the motoneurons forming the nerve ring are innervated around the isthmus of the pharyngeal region, showing the clear co-localization of both structures. The enhanced performance of our system in the case of TPEF is attributed to the fact that the maximum two-photon action cross section for GFP is 184 GM and the employed wavelength is located around this maximum. [7] . under these conditions, a few tens of milliwatts of excitation power are enough to excite such fluorescent proteins. For the case of SHG, the enhancement of the NL signal can be attributed to the higher repetition rate of our ultrafast SDL system and by the periodically arranged structures of pharyngeal muscle which is composed of myosin and actin filaments falling into the spatial range of strong SHG activity [10] . Having this reduced light reaching the sample greatly relaxes the large required intensities to excite GFP and expectedly would maximize sample viability.
To extend the versatility of the presented laser source for efficient nonlinear excitation, different biological markers (available in our lab) were prepared in solutions (see materials and methods). The output average power was adjusted to a constant output of ~10 mW (measured at the sample plane) to excite such dyes. The relative two-photon signal intensities were recorded using the PMT voltage readings. For each imaged dye, the background signal was adjusted to have a value located around zero. Then the recorded emission of the signal was set in a way that only a few pixels became saturated having an intensity of 255. Employing this methodology, low TPEF signal resulted in high PMT voltages and vice versa. Figure 3 shows the imaged dye solutions where a drop of each biological marker was placed on top of a cover glass and focused near the edge. All the images are 500x500 pixels [8] .
This was followed by recording the voltages resulting from the excitation achieved with the SDL laser system. Please note that the precise detector setting may differ not only between instruments but also between samples. However the excitation/emission general pattern should not change, meaning that the PMT values shown here are not absolute but they are relative guides to help in understanding the imaging capabilities of our laser [8] . The bright signals obtained from the different biological markers enable us to demonstrate the extended the versatility of the SDL system employing low average powers. All this demonstrates it's potential to be used in combination with various biological dyes used to mark different structures in living organisms. The fact that very low average powers are required to achieve an efficient excitation will reduce the photodamage effects when living organisms are imaged, thus allowing for longer observation periods. The use of this compact SDL system could open the door for the development of portable nonlinear bio-imaging devices in clinical studies.
CONCLUSIONS
An enhanced light sample interaction has been demonstrated through the recording of TPEF and SHG signals using low excitation average and peak powers. This was achieved by imaging in vivo muscular tissue and GFP tagged motoneurons excited through a portable SDL. This is possible due to its design as it combines an increased repetition rate (500 MHz) and a GFP matching two-photon action cross section wavelength (965 nm). All this enables it to achieve an efficient nonlinear excitation. Moreover, the versatility of this laser source has been demonstrated as several biological dyes can be efficiently excited still requiring very low average and corresponding peak powers. Based on the fact that excitation is achieved at low intensities could enable the use of this source for long term time-lapse imaging studies. In addition, its compact design (140x240x70 mm) combines a simple and maintenance free operation as no alignment, cleaning or specialized knowledge is required to operate this laser. Its novel mode-locking mechanism, based on a quantumdot SESAM, allows it to have a self-starting pulsed output. This enables to have pulses of 1.5 ps, an average output power of 287 mW without using amplification schemes. This, non expensive, manteinance-free, turn-key, compact laser system could be used as a platform to develop portable nonlinear bio-imaging devices for clinical studies, facilitating its wide-spread adoption in "real-life" applications.
